Recent studies indicate that, unlike glucose, fructose has little or no post-oral preference conditioning actions in C57BL/6J (B6) mice. The present study determined whether this is also the case for FVB mice, which overconsume fructose relative to B6 mice. In experiment 1, FVB mice strongly preferred a noncaloric 0.1% sucralose ϩ 0.1% saccharin (SϩS) solution to 8% fructose in a 2-day choice test but switched their preference to fructose after separate experience with the two sweeteners. Other FVB mice displayed a stronger preference for 8% glucose over SϩS. In a second experiment, ad libitum-fed FVB mice trained 24 h/day acquired a significant preference for a flavor (CSϩ) paired with intragastric (IG) selfinfusions of 16% fructose over a different flavor (CSϪ) paired with IG water infusions. IG fructose infusions also conditioned flavor preferences in food-restricted FVB mice trained 1 h/day. IG infusions of 16% glucose conditioned stronger preferences in FVB mice trained 24-or 1 h/day. Thus, fructose has post-oral flavor conditioning effects in FVB mice, but these effects are less pronounced than those produced by glucose. Further studies of the differential post-oral conditioning effects of fructose and glucose in B6 and FVB mice should enhance our understanding of the physiological processes involved in sugar reward.
IT IS WELL ESTABLISHED THAT inbred mouse strains differ in their taste responses to caloric and noncaloric sweeteners. This is due, in part, to allelic variations in the Tas1r3 gene that encodes the T1r3 sweet taste receptor protein (6, 25) . Mouse strains with the Sac B variant of the Tas1r3 gene are more sensitive to sugars (e.g., sucrose) and noncaloric sweeteners (e.g., saccharin) than are strains with the Sac D variant. In addition, sugar intake and preference are stimulated by the post-oral actions of sugars, a process referred to as appetition to distinguish it from the satiation process that inhibits sugar intake (27) . Appetition is demonstrated by the intake and preference-stimulating effects of intragastric (IG) sugar infusions in mice and rats (3, 21, 27, 30) . Conceivably, strain differences in post-oral sugar appetition may contribute to variations in sugar intake in mice, but this has yet to be documented. One study reported mouse strain differences in sugar-conditioned flavor preferences, but because the sugars were orally consumed, the conditioning effects may have been mediated by the taste and/or post-oral actions of the sugars (24) . In another study, we compared IG sucrose conditioning in C57BL/6J (B6) and 129 mice, which have the Sac B and Sac D variants of T1r3 receptor and, thus, are sweet sensitive and subsensitive, respectively (35) . These strains were of interest in view of the discovery that the T1r3 taste receptor protein and other taste signaling elements are expressed in the gastrointestinal tract (12, 16, 40) . However, while B6 mice consume more sucrose than do 129 mice in 24-h sugar vs. water tests, the two strains displayed similar flavor conditioning responses to IG sucrose infusions (26, 35) . These results indicated that genetic variation in the T1r3 receptor does not influence post-oral sucrose appetition. This was confirmed by the finding of similar IG sucrose-conditioned flavor preferences in T1r3 knockout (KO) and wild-type (WT) mice (33) . The present study sought evidence for strain differences in the post-oral conditioning response to glucose and fructose, the constituent monosaccharide sugars of sucrose. B6 mice acquire strong preferences for flavors paired with IG glucose infusions but fail to prefer flavors paired with isocaloric fructose infusions (29, 43) . Related findings were obtained with B6 mice given oral choice tests with 8% glucose or 8% fructose vs. a noncaloric 0.1% sucralose ϩ 0.1% saccharin solution (SϩS) (Sclafani A, Zukerman S, and Ackroff K, unpublished data). In 1-min choice tests that minimized post-oral effects, the mice significantly preferred the SϩS solution to both sugar solutions, suggesting that SϩS has a sweeter taste. The mice also preferred SϩS to fructose in 24-h tests but developed a strong preference for glucose over SϩS solution. In addition, they consumed substantially more glucose than fructose or SϩS in 24-h sweetener vs. water tests. The enhanced intake and preference for glucose but not fructose vs. SϩS was attributed to the post-oral conditioning actions of glucose. Earlier studies demonstrated that IG glucose infusions are much more effective than fructose infusions in conditioning flavor preferences in Sprague-Dawley (SD) rats (4, 31, 32) . In particular, whereas IG glucose infusions conditioned a significant CSϩ preference in SD rats trained 30 min/day, IG fructose infusions were completely ineffective (4, 32) . However, unlike B6 mice, SD rats acquired a preference when the CSϩ was paired with fructose self-infusions in 20-to 24-h sessions, although the fructose infusions were less effective than glucose infusions (2, 4) . Thus, fructose has a post-oral preference conditioning action in SD rats in some training paradigms.
In this study, we determined whether FVB/NJ mice would acquire a CSϩ preference when infused IG with fructose during 24 h or 1 h/day sessions. We selected this inbred strain based on an earlier observation that FVB mice consumed substantially more 10% fructose than did B6 mice when given ad libitum access to sugar solution, water, and food (15) . The FVB mice also consumed more 10% sucrose than did B6 mice, but this difference was less pronounced than that observed with fructose. FVB mice have a similar, but not identical, form of the sweet-sensitive T1r3 receptor as that in B6 mice, so it appeared unlikely that differences in sweet taste sensitivity accounted for the greater fructose intakes of FVB mice (25) . In experiment 1, we indirectly evaluated FVB mice for post-oral fructose conditioning by measuring their preference for fructose over SϩS solution in two-bottle choice tests. Experiments 2 and 3 then directly assessed post-oral sugar conditioning in FVB mice using IG conditioning procedures. In all three experiments, we compared the sugar conditioning response to fructose with that to isocaloric glucose.
EXPERIMENT 1: FRUCTOSE AND GLUCOSE VS. SUCRALOSE ؉ SACCHARIN PREFERENCES
Experiment 1 compared the preference of FVB mice for 8% fructose and 8% glucose vs. a palatable, noncaloric SϩS solution in 2-day choice tests. In a recent study, B6 mice developed a significant preference for 8% glucose, but not for fructose, over SϩS after they had separate sugar vs. water and SϩS vs. water tests (Sclafani A, Zukerman S, and Ackroff K, unpublished data). These sweetener vs. water ("one sweetener") tests allowed the mice to unambiguously associate the taste of each sweetener with its post-oral actions.
Materials and Methods
Animals. Adult male FVB/NJ mice (n ϭ 18, mean body weight 26.5 g) obtained from Jackson Laboratories (Bar Harbor, ME) were adapted to the laboratory for 1 wk. The animals were singly housed in plastic tub cages in a room maintained at 22°C with a 12:12-h light-dark cycle and given ad libitum access to chow (no. 5001, PMI Nutrition International, Brentwood, MO) and water except where noted. Experimental protocols were approved by the Institutional Animal Care and Use Committee at Brooklyn College and were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.
Test solutions. Sugar solutions (8%) were prepared using foodgrade glucose and fructose (Tate and Lyle, Honeyville Food Products, Rancho Cucamonga, CA). The noncaloric sweetener solution (SϩS) was prepared using 0.1% sucralose (Tate & Lyle, Dayton, OH) and 0.1% sodium saccharin (Sigma-Aldrich, St. Louis, MO). These sweetener concentrations were the same as those used in our recent B6 study (Sclafani A, Zukerman S, and Ackroff K, unpublished data). The 8% sugar concentration was used because it produces nearmaximum 24-h intakes in B6 mice (45) . The SϩS noncaloric mixture was used because it was preferred to the 8% sugar solutions in brief access tests and had no post-oral intake-suppressive effects (Sclafani A, Zukerman S, and Ackroff K, unpublished data). The solutions were prepared with deionized water and served at room temperature; they were formulated on a wt/wt basis because intakes were measured by weight.
Procedure. Two-day choice tests were conducted in the home cages. The solutions were available through stainless-steel sipper spouts attached to 50-ml plastic tubes that were placed on the grid top of the cage. The two sipper spouts were inserted through holes positioned 3.7 cm apart, and the drinking tubes were fixed in place with clips. Fluid intakes were measured to the nearest 0.1 g by weighing the drinking bottles on an electronic balance interfaced to a laptop computer. Intakes were corrected for spillage, which was estimated by recording the change in weight of two bottles that were placed on an empty cage. The mice were given two-bottle access to water for 5 days to familiarize them to the choice tests.
The mice were divided into two groups (n ϭ 9 each) equated for mean 24-h water intake and body weight during the two days prior to sweetener testing. The Fructose Group was given a series of 2-day, two-bottle choice tests as follows (see Table 1 ): test 1 (days 1 and 2) 8% fructose vs. SϩS, test 2 (days 3 and 4) 8% fructose vs. water, test 3 (days 5 and 6) SϩS vs. water, and test 4 (days 8 and 9) 8% fructose vs. SϩS. The mice were given water only on day 7 prior to test 4 to make it comparable to test 1, which was preceded by water-only access. The Glucose Group was similarly tested but with 8% glucose. The mice in both groups were next given water only for 4 days and then another series of 2-day tests as follows: test 5 (days 14 and 15) 8% fructose vs. water, test 6 (days 16 and 17) 8% glucose vs. water, and test 7 (days 19 and 20) 8% fructose vs. 8% glucose. Water only was available on day 18 between tests 6 and 7. Note that test 5 was the first exposure of the mice in the Glucose Group to fructose, and test 6 was the first exposure of the mice in the Fructose Group to glucose. The left-right position of the sweetener and water bottles were switched from the first to second day of each test.
Data analysis. Daily solution intakes were averaged over the 2 days of each test, and sweetener preferences were expressed as percent solution intakes (e.g., fructose intake/total intake ϫ 100). Data are presented as group means Ϯ SE. Intakes were analyzed using a mixed model ANOVA with test and solution as repeated factors. One ANOVA included results from tests 1 and 4 and asked whether relative intakes of sugar and SϩS changed across the two tests. A second ANOVA included results from tests 2 and 3 and compared the preference for each sweetener over water. Additional ANOVAs are described below. Percent sweetener intakes were analyzed with ttests.
Results
Mice in the Fructose Group consumed significantly more SϩS than fructose in test 1 but more fructose than SϩS in test 
Discussion
The FVB mice consumed more SϩS than fructose in test 1, indicating that the SϩS had a more preferred (presumably sweeter) taste. However, after experiencing the fructose and SϩS solutions separately in the sweetener vs. water tests 2 and 3, the mice switched their preference and significantly preferred fructose to SϩS by 76% in test 4. This is in marked contrast to B6 mice, which significantly preferred SϩS to fructose in both tests 1 and 4 (Sclafani A, Zukerman S, and Ackroff K, unpublished data) (see Table 2 ). The preference switch displayed by the FVB mice suggests that fructose had a post-oral conditioning action that enhanced the avidity of the mice for the sugar. Mice in the Glucose Group also greatly increased their preference for glucose over SϩS from test 1 to 4. Unlike mice in the Fructose Group, however, they were indifferent to the two sweeteners in test 1 and displayed a near-total sugar preference in test 4. The mice in both groups consumed considerably more glucose than fructose in tests 5 and 6 and strongly preferred glucose to fructose in test 7. Conceivably, glucose has a sweeter taste than fructose for FVB mice, although B6 mice equally preferred the two sugars in 1-min choice tests (Sclafani A, Zukerman S, and Ackroff K, unpublished data). More likely, the greater intake and preference for glucose over fructose was due to the differential post-oral conditioning actions of the two sugars. This issue was addressed in experiment 2. 
EXPERIMENT 2A: 24-H IG FRUCTOSE AND GLUCOSE FLAVOR CONDITIONING
The substantial increase in preference from tests 1 to 4 displayed by the Fructose and Glucose Groups indicates that both sugars had post-oral appetition effects that enhanced the preference for these sugars relative to SϩS. The present experiment sought direct evidence that post-oral fructose and glucose condition flavor preferences by having FVB mice self-infuse 16% fructose or glucose IG as they drank a CSϩ flavored solution. The infused 16% sugar solutions were diluted by the ingested CSϩ solution to 8% sugar in the stomach, which is the sugar concentration used in experiment 1. The 24-h conditioning protocol was identical to that used in an earlier study of B6 mice, in which the mice displayed a significant preference for the glucose-paired CSϩ flavor but no preference for the fructose-paired CSϩ flavor (29) .
Materials and Methods
Animals. Adult male FVB mice (n ϭ 22, mean body weight 27.1 g) were used. They were housed singly in plastic cages with ad libitum access to chow and water or flavored saccharin solutions.
Surgery. The mice were anesthetized with 2% isoflurane inhalation and fitted with a gastric catheter, as described previously (34) . Two weeks after surgery, the animals were briefly (5 min) anesthetized with isoflurane, fitted with a harness and a spring tether (CIH62; Instech Laboratories, Plymouth Meeting, PA), and transferred to infusion test cages.
Apparatus. Testing occurred in infusion cages (15 ϫ 15 ϫ 32 cm high), as described previously (35) . Fluid was available from one or two stainless-steel sipper spouts attached to 55-ml glass tubes. The sipper spouts were interfaced via electronic lickometers (Med Electronics, St. Albans, VT) to a computer that operated a syringe pump (model A-99; Razel Scientific, Stamford, CT), which infused liquid into the gastric catheters as the animals licked. The pump rate was nominally 0.5 ml/min, but the animal controlled the overall infusion rate and volume by its licking response; the oral-to-infusion intake ratio was maintained at ϳ1:1 by computer software. In two-bottle tests, two infusion pumps were attached via a 20-gauge Y connector to the gastric catheters. Daily intakes were measured to the nearest 0.1 g, and IG infusions were recorded to the nearest 0.5 ml.
Test solutions. The CS solutions contained 0.2% (wt/wt) saccharin and were flavored with 0.05% (wt/wt) cherry or grape Kool-Aid flavor mix (General Foods, White Plains, NY). The IG infusates were water and 16% (wt/wt) glucose or fructose. For half of the mice, cherrysaccharin was the CSϩ paired with IG sugar infusion and grapesaccharin was the CSϪ paired with water infusion; the flavor-infusate pairs were reversed for the remaining animals. The orally consumed CSϩ mixed with the IG sugar infusion in the stomach, so that the carbohydrate concentration in the gut was ϳ8%.
Procedure. The mice were adapted to drink water paired with matched IG water infusions for 5 days. They were then given one-bottle training sessions with the CSϪ solution paired with IG water infusions (days 1, 3, 5) and the CSϩ solution paired with IG sugar infusions (days 2, 4, 6) (see Table 1 ). The mice were divided into two groups equated for their CSϪ intake on day 1; the Fructose (n ϭ 10) and Glucose (n ϭ 12) Groups were infused with 16% fructose and glucose, respectively, on CSϩ training days. Following the last CSϩ training day, the mice were given water (paired with IG water) for 1 day. A two-bottle "reinforced" choice test with the CSϩ vs. CSϪ was conducted for 2 days with the intakes of the CSϩ and CSϪ paired with IG infusions of sugar and water, respectively. Then a "nonreinforced" two-bottle test was conducted for 2 days with both the CSϩ and CSϪ now paired with IG water infusions. The left-right position of the CSϩ and CSϪ solutions were alternated daily throughout training and testing. Chow (#5001) was available ad libitum throughout the experiment.
Data analysis. Total fluid intake (oral intake plus IG infusate) during the one-bottle training days and two-bottle test days was calculated. The training data for each group were evaluated with a two-way ANOVA, using CS solution (CSϩ vs. CSϪ) and training days as within factors. The two-bottle test data were averaged over the two reinforced days and two nonreinforced days and analyzed in a two-way ANOVA with CS solution and test as within factors. Additional between-group analyses compared the mean CSϩ and CSϪ intakes of the two groups during training, reinforced tests, and nonreinforced tests. The two bottle intakes of the individual mice were also expressed as percent CSϩ intakes (CSϩ intake/total intake ϫ 100) and evaluated with both within-group and between-group ANOVAs. Drinking patterns during one-bottle training were evaluated with a bout defined as a period of drinking containing at least 30 licks and with interlick intervals no longer than 5 min (14) . Mean bout size (g) was determined by dividing the total 24-h CS intakes by the number of bouts.
Results
During one-bottle training, mice in the Fructose Group increased their CSϩ intake over days and consumed more (P Ͻ 0.05) CSϩ than CSϪ during the last training session with each CS (CS ϫ sessions interaction) [F(2, 18) ϭ 3.8, P Ͻ 0.05] (Fig. 2A) . In the two-bottle tests mice in the Fructose Group consumed significantly more CSϩ than CSϪ in both the reinforced and nonreinforced tests [F(1,9) ϭ 13.6, P Ͻ 0.01] (Fig. 2A) (Fig. 2A) . They increased their CS intakes over sessions, particularly their CSϪ intake [CS ϫ sessions interaction, F (2, 22) (Fig. 2) .
Discussion
These findings provide direct evidence that fructose has a post-oral appetition effect in FVB mice, although fructose was less effective than glucose. In particular, IG glucose infusions stimulated CSϩ training and test intakes more than did IG fructose infusions and conditioned a stronger CSϩ preference. The two groups consumed more CSϩ than CSϪ in both the reinforced and nonreinforced preference tests, which indicates that elevated CSϩ intakes were not driven by concurrent sugar infusions but represented a learned preference for the CSϩ flavor. The groups differed, however, in that mice in the Fructose Group consumed more CSϩ in the nonreinforced than reinforced test, suggesting that IG fructose infusions limited their 24-h CSϩ intakes. Overall, these results are consistent with the findings of experiment 1 that mice in the Glucose Group consumed more sugar and displayed a greater sugar preference over SϩS than did mice in the Fructose Group, and that all mice preferred glucose to fructose in the final choice test.
EXPERIMENT 2B: 1-H IG FRUCTOSE AND GLUCOSE CONDITIONING
The significant flavor preference conditioned by the IG fructose infusions is in marked contrast to the failure of fructose to condition flavor preferences in B6 mice trained 24 h/day (29) . The FVB fructose results, however, are similar to earlier findings that showed SD rats learned to prefer a saccharin-sweetened CSϩ flavor paired with IG 16% fructose with 24-h training (2) . Nevertheless, fructose is much less effective than glucose in conditioning flavor preferences in rats (2, 4, 31, 32 ). In particular, IG fructose conditioned no or at best a weak CSϩ preference in food-restricted rats trained in short daily sessions (0.5 or 2 h), whereas IG glucose produced robust preferences (4, 31, 32) . Even rats that had acquired a significant preference for a fructose-paired CSϩ flavor in long training sessions failed to learn a preference for a new CSϩ flavor paired with IG fructose in short daily sessions (4). The present experiment determined whether this is also the case with FVB mice. The mice from experiment 2A were foodrestricted and trained with new CS flavors paired with IG fructose or glucose self-infusions during daily 1-h sessions.
Materials and Methods
At the end of experiment 2A, mice in the Fructose (n ϭ 10) and Glucose (n ϭ 12) Groups were transferred to separate home cages similar to the test cages. They were given daily food rations that maintained them at ϳ90% of their ad libitum body weight. Body weights were measured daily and fixed-size chow pellets (0.5 or 1 g, F0171, F0173; Bio-Serv, Frenchtown, NJ) were used to precisely adjust the daily rations. Beginning 1 day after the start of food restriction, the mice were adapted to drink unflavored saccharin solutions paired with IG water infusions during daily 1-h sessions in the test cages. The saccharin concentration was initially 0.2% (days 1 and 2) but was reduced to 0.05% (days 3-5), which equated the 1-h total intakes (oral ϩ IG) of the Fructose and Glucose Groups at 3.1 g/h. The mice were then trained with new flavors (0.05% orange and lemon-lime Kool Aid in 0.05% saccharin) with the CSϩ and CSϪ paired with IG infusions of 16% sugar and water, respectively. The flavor-infusion pairs were counterbalanced across subjects, and individual mice were infused with the same sugar they received in experiment 2A. The CSϪ flavor was presented in training sessions 1, 3, and 5, and the CSϩ flavor was presented in sessions 2, 4, and 6 (see Table 1 ). The mice were then given reinforced two-bottle test sessions (7 and 8) with the CSϩ and CSϪ paired with IG infusions of sugar and water, respectively, and nonreinforced sessions (9 and 10) with both CSs paired with IG water infusions.
Results
During one-bottle training, mice in the Fructose Group reduced their total intake (oral ϩ IG) from CSϪ session 1 to CSϩ session 2 and then consumed similar amounts of the two CS solutions; only the overall decline in CS intakes over sessions was significant [F(2,18) ϭ 4.1, P Ͻ 0.05] (Fig. 3A) . In the two-bottle tests, the Fructose Group mice consumed significantly more CSϩ than CSϪ in both the reinforced and nonreinforced tests [F(1,9) ϭ 91.2, P Ͻ 0.001] (Fig. 3A) , and their CS intakes and CSϩ preferences were similar in the two tests.
Mice in the Glucose Group consumed similar amounts of CSϩ and CSϪ during one-bottle training (Fig. 3B) . In the two-bottle tests, the Glucose Group mice consumed significantly more CSϩ than CSϪ in both the reinforced and nonreinforced tests [F(1,11) ϭ 254.5, P Ͻ 0.01], although their CSϩ intake declined from the reinforced to nonreinforced test [CS ϫ test interaction, F(1,11) ϭ 13.4, P Ͻ 0.001] (Fig. 3B) .
Between-group comparisons indicated that the Glucose group consumed significantly more CSϩ than did the Fructose group during one-bottle training 
Discussion
These findings demonstrate that IG fructose and glucose infusions are both effective in conditioning CSϩ preferences in food-restricted FVB mice trained 1 h/day. This contrasts with the ineffectiveness of IG fructose to condition flavor preferences in SD rats trained in short daily sessions (4, 32) . However, as in experiment 2A, the mice consumed less CSϩ fructose than CSϩ glucose in one-bottle training and twobottle testing and displayed a weaker preference for the CSϩ fructose than for the CSϩ glucose.
EXPERIMENT 3: 1-H IG FRUCTOSE AND GLUCOSE STIMULATION OF INTAKE AND FLAVOR CONDITIONING
While the 1-h IG sugar infusions conditioned significant CSϩ preferences in experiment 2B, they failed to stimulate CSϩ intakes during training as they did in the 24-h sessions of experiment 2A. Total 1-h intakes (oral ϩ IG) were high (ϳ4 g/h) in the first CSϪ training session, which may have precluded stimulation of intake by the IG sugar infusions in subsequent sessions. In a recent study, using a different 1-h training procedure, which produced low CSϪ baseline intakes (ϳ2 g/h), we observed rapid stimulation of CSϩ intake in B6 mice self-infusing glucose but not in mice self-infusing fructose (43) . In addition, only glucose-trained B6 mice displayed a CSϩ preference in the two-choice test. The present experiment used this 1-h protocol to compare the effectiveness of glucose and fructose to stimulate CSϩ intakes and condition preferences in naïve FVB mice.
Materials and Methods
Animals. Adult male FVB mice (n ϭ 21, mean body weight 27.3 g) were fitted with IG catheters as in experiment 2A. They were housed singly in plastic cages with ad libitum access to chow and water prior to flavor conditioning.
Test solutions. The CS solutions contained 0.025% saccharin flavored with 0.02% ethyl acetate or propyl acetate (Sigma) as in prior studies (42, 44) . For half of the animals, the CSϩ paired with IG 16% fructose or glucose solutions contained ethyl acetate, and the CSϪ solution contained propyl acetate; the flavors were reversed for the remaining animals. The low saccharin concentration was used to keep baseline CSϪ intakes relatively low so that stimulation of CSϩ by IG sugar infusions could be expressed.
Procedure. The mice were trained (1 h/day) in the test cages to drink unflavored 0.025% saccharin solution paired with matched volume infusions of water for six sessions. Before the first two sessions, the mice were water-deprived for 22 h. They were given access to water in their home cage for 1 h following the first session and then ad libitum access to water but restricted food rations thereafter as in experiment 2B. The mice were then given four 1 h/day test sessions with a CSϪ solution paired with IG water infusions. They were then divided into two groups matched for their intakes during the last two CSϪ sessions. The mice in the Fructose group (n ϭ 11) and Glucose group (n ϭ 10) were given three sessions with the CSϩ solution paired with IG infusions of 16% fructose and glucose, respectively (see Table 1 ). The mice were next given four alternating sessions with the CSϪ, CSϩ, CSϪ, and CSϩ, in that order, with each solution paired with its respective infusion (IG water or IG sugar). In the final CSϪ and CSϩ training sessions, a second sipper tube containing water not paired with IG infusions was available to familiarize the mice to the presence of two sipper tubes in the subsequent two-bottle test. The two-bottle test, with the CSϩ vs. CSϪ solutions no longer paired with IG infusions, was conducted over four 1 h/day sessions. CSϪ licks and total intakes (oral ϩ IG infusate) during the last two 1 h/day sessions were averaged. The data from these two sessions, referred to as CSϪ test 0, and the licks and intakes during the subsequent three CSϩ sessions (tests 1-3) were analyzed using a mixed-model ANOVA with a group factor (fructose, glucose) and repeated-measures factor (tests 0 -3) . The mean CSϪ and CSϩ licks during the two alternating one-bottle sessions and the four two-bottle tests were compared in separate ANOVAs. Additional analyses are described in the results. As in prior studies (42) (43) (44) , the RESULTS section emphasizes the lick rather than intake data because the lick data provide a more detailed analysis of the sugar-conditioning effects.
Results
When switched from the CSϪ in test 0 to the CSϩ in tests 1-3, the Fructose Group mice did not change their 1-h licks, whereas the Glucose Group mice significantly increased their licks (Fig. 4) . The groups did not differ in their CSϪ licks, but overall, the Glucose group licked more for the CSϩ than did the Fructose group [group ϫ test interaction, F(3,57) ϭ 18.9, P Ͻ 0.001]. A within-group analysis indicated that the mice in the Glucose Group increased their licks from CSϪ test 0 to CSϩ tests 1 and 2, and then from CSϩ tests 2 to 3. Analysis of the 1-h intake data revealed a similar pattern of results. Mice in the Glucose Group increased their intakes (oral ϩ IG) from CSϪ test 0 to CSϩ test 3 (2.3 Ϯ 0.2 to 4.3 Ϯ 0.2 g/h, P Ͻ 0.01), whereas the mice in the Fructose Group did not significantly increase their CS intakes from test 0 to test 3 (2.2 Ϯ 0.2 to 2.5 Ϯ 0.2 g/h) [group ϫ test interaction, F(3,57) ϭ 11.3, P Ͻ 0.001]. Consequently, the mice in the Glucose Group consumed more (P Ͻ 0.01) in CSϩ tests 1-3 than did the Fructose Group. In the alternating CS training sessions, the mice in the Glucose Group also consumed more CSϩ than CSϪ (3.8 Ϯ 0.3 vs. 2.6 Ϯ 0.3 g/h, P Ͻ 0.01), whereas CSϩ and CSϪ intakes did not differ in the Fructose Group mice (2.3 Ϯ 0.1 vs. 2.
In the two-bottle tests conducted without IG infusions, both groups licked more for the CSϩ than the CSϪ [F(1,19) ϭ 63.7, P Ͻ 0.01] with the difference being more pronounced for the Glucose group [group ϫ CS interaction, F(1,19) ϭ 18.6, P Ͻ 0.01] (Fig. 4) . Mice in the Glucose Group also licked more CSϩ (P Ͻ 0.01) and somewhat less CSϪ (P Ͻ 0.07) than did the mice in the Fructose Group, and consequently, their CSϩ preference was greater than that of mice in the Fructose Group [92 Ϯ 3.1% vs. 67 Ϯ 3.4%, t(19) ϭ 5.0, P Ͻ 0.001]. The analysis of the CS intake data revealed a similar pattern of results.
The one-bottle lick data for CS training sessions were analyzed further to identify when licking was elevated within the CSϩ sessions. Fig. 5 presents the CS licks from tests 0 to 3 expressed as licks/10-min bin and as cumulative lick curves. Statistical analysis was performed on the 10-min data, and the cumulative lick curves are included to show the evolution of the licking response during the 1-h sessions. Mice in the Glucose Group licked more in CSϩ test 1 than CSϪ test 0 and although the group ϫ bin interaction was not significant, the difference in CSϪ and CSϩ licks was most pronounced in 10-min bins 2 and 3 (Fig. 5B) . In CSϩ test 2, the Glucose Group mice licked more (P Ͻ 0.5) in bins 1, 2, and 5 than they did in CSϪ test 0 [test ϫ bin interaction, F(5,45) ϭ 5.9, P Ͻ 0.001]. In CSϩ test 3, the mice in the Glucose Group licked more (P Ͻ 0.05) in bins 1 and 5 than they did in CSϪ test 0
Although the mice in the Fructose Group did not increase their total 1-h licks from tests 0 to 3, they did differ in their within-session distribution of licks. In particular, in CSϩ test 2, they licked more (P Ͻ 0.05) in bins 2 and 3 than they did in CSϪ test 0 [test ϫ bin interaction, F(5,50) ϭ 4.3, P Ͻ 0.01], whereas in CSϩ test 3, they licked more (P Ͻ 0.001) in bin 1 than they licked in CSϪ test 0 [test ϫ bin interaction, F(5,50) ϭ 13.8, P Ͻ 0.001] (Fig. 5A) .
Discussion
As in experiment 2B, IG fructose and glucose infusions conditioned flavor preferences in FVB mice trained 1 h/day, with the preference being greater in mice in the Glucose than the Fructose Group. The new finding here is that only the glucose infusions stimulated the mice to drink more CSϩ during one-bottle training. Also, whereas IG glucose conditioned similar preferences in this experiment and in experiment 2B (ϳ90%), the IG fructose infusions produced a weaker preference in the present compared with the prior experiment (67% vs. 84%). This is likely due to the fact that the mice in the Fructose Group consumed more CSϩ and, thus, self-infused more fructose during training in experiment 2B than in the present experiment (total intakes: 3.4 g/h vs. 2.3 g/h). This, in turn, can be attributed to the sweeter CS solutions used in the previous experiment (0.05% vs. 0.025% saccharin). In addi- tion, the conditioning experience of the mice in experiment 2A may have enhanced their attraction to the saccharin solutions (44) , and the 24-h fructose infusions may have facilitated intestinal fructose absorption (10) .
General Discussion
It is well documented that mouse strains differ in their taste preferences for sugars, and the present FVB findings along with prior results with B6 mice [29, 43, 44 ; and (Sclafani A, Zukerman S, and Ackroff K, unpublished data)] provide evidence for strain differences in post-oral sugar conditioning. FVB mice, like B6 mice, acquired strong preferences for glucose and glucose-paired flavors, but only FVB mice acquired preferences for fructose and fructose-paired flavors based on the post-oral actions of the sugars (see Table 2 ). This conclusion is based on four different measures of sugar conditioning in FVB mice.
In experiment 1, the FVB mice initially consumed much more of the noncaloric SϩS mixture than 8% fructose, but after separate experience with the two sweeteners in tests 2 and 3, they significantly preferred fructose to the SϩS solution. The FVB mice also consumed more fructose than SϩS in tests 2 and 3. This is in marked contrast to B6 mice, which strongly preferred SϩS to fructose in tests 1 and 4 ( Table 2 ) and did not consume more fructose than SϩS in the sweetener vs. water in tests 2 and 3. The two strains were similar, however, in showing no preference for glucose and SϩS in test 1 but robust glucose preferences in test 4 ( Table 2 ). The initial indifference for glucose and SϩS in the first test can be attributed to some mice preferring the SϩS solution based on its sweeter taste, while other mice rapidly learned to prefer glucose based on its post-oral appetition effects. All mice then acquired a strong avidity to glucose when they experienced the sugar by itself in test 2. The FVB and B6 mice were similar in consuming more glucose than fructose in the sugar vs. water tests, as well as strongly preferring glucose to fructose in a two-bottle choice test (Table 2) .
On the basis of the preference reversal from SϩS to fructose observed in first experiment, we predicted that FVB mice would learn to prefer a CSϩ flavor paired with IG fructose infusions. This was confirmed in experiment 2A, in which FVB mice displayed an ϳ80% preference for the CSϩ Fructose flavor and also consumed more CSϩ than CSϪ in one-bottle training sessions. This contrasts with the failure of B6 mice to acquire a CSϩ Fructose preference (Table 2) and their reduced rather than increased training intakes of the CSϩ Fructose flavor. Yet, while IG fructose stimulated CSϩ intake and preference in FVB mice, IG glucose was much more effective. In particular, IG glucose significantly increased CSϩ intake on the first training day, whereas IG fructose did not have this effect until the last training day; overall CSϩ Glucose training intakes were almost twice those of CSϩ Fructose intakes. Mice in the Glucose Group also displayed a stronger CSϩ preference than did the mice in the Fructose Group. These findings are consistent with the greater intakes and preferences for glucose than fructose observed in experiment 1 and demonstrate that the post-oral actions of the two sugars can account for these differences.
Experiment 2B demonstrated that FVB mice learned to prefer a new CSϩ flavor paired with 1 h/day IG fructose infusions, although this preference was less robust than that produced by IG glucose infusions. The CSϩ Fructose preference is notable, given our earlier findings that SD rats did not acquire preferences for CSϩ flavors paired with IG fructose infusions in short-term sessions, even after they had already learned a preference for a CSϩ flavor paired with IG fructose in long-term sessions (4, 32) . Thus, FVB mice are more sensitive than SD rats as well as B6 mice to the post-oral conditioning actions of fructose.
The third experiment further investigated short-term sugar conditioning in FVB mice using a training protocol that is sensitive to post-oral stimulation of intake by sugars (42) (43) (44) . With this protocol, both IG fructose and glucose self-infusions conditioned flavor preferences, but the fructose conditioned a much weaker preference than did glucose (67% vs. 92% CSϩ preferences). Furthermore, while IG glucose infusions significantly increased CSϩ licks during the very first training session and more so in subsequent sessions, IG fructose infusions failed to increase 1-h CSϩ licks relative to the waterpaired CSϪ. In this respect, the FVB mice were similar to B6 mice, which showed rapid stimulation of CSϩ licking by IG glucose infusions but no stimulation by IG fructose infusions. The two strains differ, however, in that only the FVB mice developed a significant preference for the fructose-paired CSϩ flavor ( Table 2 ). The B6 mice were trained with IG infusions of 8% or 12% fructose, and it is possible they would have acquired a CSϩ Fructose preference if infused with 16% sugar. This seems unlikely though, given that B6 mice trained 24 h/day with IG 16% fructose failed to learn a CSϩ preference (29) ( Table 2 ). The stimulation of CSϩ intake and conditioned preference produced by IG glucose but not fructose in B6 mice suggested that post-oral sugar appetition in this strain is mediated by glucose-selective sensors such as SGLT1 and SGLT3 (43) . Supporting this hypothesis, infusions of the nonmetabolizable glucose analog, ␣-methyl-D-glucopyranoside (MDG), which is a ligand for SGLT1/SGLT3, also stimulated CSϩ licking and preference in B6 mice (43) . The MDG findings implicated an intestinal site of action for the flavor-conditioning response, since MDG is not actively transported out of intestinal cells. This is further supported by the findings that duodenal and jejunal glucose infusions, but not gastric-limited, ileal, hepatic portal, or intraperitoneal glucose infusion-conditioned preferences for flavored saccharin solutions in rats or mice (5, 44) . Other studies indicate, however, that stimulation of glucose sensors in the hepatic-portal region can condition food or spout location preferences in rats (22, 39) .
The site and mechanism of action for fructose-conditioned flavor preferences in FVB mice remain to be determined. The findings that IG fructose did not stimulate CSϩ licking in the 1-h training sessions in experiment 3 and stimulated CSϩ licking only on the third CSϩ training day in experiment 1 suggest that this sugar produces a relatively weak and/or slowly appearing appetition signal compared with glucose. This signal may be generated by the postabsorptive metabolism of the sugar in the liver (38) or conceivably by a fructosespecific sensor as found in the fly (19) . Whether IG fructose infusions fail to generate an appetition signal in B6 mice or the mice are less sensitive than FVB mice to such a signal is not clear. Supporting the second possibility, B6 mice display somewhat weaker glucose-conditioned preferences than do FVB mice (see Table 2 ). Further studies comparing the behavioral and physiological responses of FVB and B6 mice to fructose may reveal the process by which post-oral fructose conditions flavor preferences in mice. Further research is also needed to evaluate how fructose-conditioned preferences in FVB mice vary as a function of sugar concentration. We previously reported differences in flavor preference conditioning in B6 mice trained with 2 to 32% glucose infusions (44) .
As previously noted, SD rats can learn to prefer CSϩ flavors paired with IG fructose infusions in long training sessions, although conditioning response varies as a function of fructose concentration and CS flavors (2, 4, 31, 32) . However, with short training sessions, SD rats display little or no flavor conditioning with IG fructose infusions. Yet they acquire significant preferences for a CSϩ flavor mixed into a fructose solution over a flavor mixed into a less preferred saccharin solution in short training sessions (1, 28) . This conditioned preference was attributed to the sweet taste of the fructose (flavor-taste learning) rather than the post-oral actions of the sugar, given the ineffectiveness of IG fructose infusions. Consistent with this interpretation, orally consumed fructose, like noncaloric saccharin, does not support flavor conditioning when there is a delay between the consumption of the CSϩ and the sweetener, whereas oral glucose supports flavor conditioning over delays (17, 28) .
In a recent study, Pinhas et al. (24) investigated preference conditioning by orally consumed flavored sucrose, fructose, and saccharin solutions in nine mouse strains. All strains learned to prefer the sucrose-paired flavor over the saccharinpaired flavor, although they varied in the magnitude of their preferences (FVB mice were not included in the study). Interestingly, only B6 and SJL mice failed to prefer a fructosepaired flavor. These strains consumed more flavored saccharin than flavored fructose during training, which may have attenuated sugar conditioning, although this did not prevent two other strains (SWJ, C57BL/10) from acquiring a fructoseconditioned preference. In a subsequent experiment, we observed fructose-conditioned flavor preferences in B6 mice trained with flavored fructose vs. flavored water in 24 h/day training sessions (unpublished data). We attributed the fructose-conditioned flavor preferences observed in the B6 mice and other strains to flavor-taste learning. However, in view of the IG fructose conditioning results obtained with FVB mice, this interpretation needs to be reconsidered for the non-B6 strains. The present findings indicate that one simple test of strain differences in post-oral fructose conditioning is to measure preferences for 8% fructose vs. SϩS solutions before and after 2-day tests with each sweetener vs. water.
Perspectives and Significance
FVB mice, like B6 mice, acquire strong preferences for glucose-paired flavors, but only FVB mice also learn to prefer fructose-paired flavors in IG conditioning paradigms. Nevertheless, as in B6 mice and SD rats, glucose stimulates greater intakes and preferences than does fructose in FVB mice. The physiological processes by which glucose and fructose condition flavor preferences in rodents are incompletely understood, but the present and prior studies demonstrate that caloric value per se is not the critical factor [4, 29, 31, 32, 43 ; and (Sclafani A, Zukerman S, and Ackroff K, unpublished data)]. Further study of inbred mouse strains that differ in their conditioning response to these sugars should advance our understanding of post-oral sugar conditioning. Related studies of glucose and fructose conditioning in flies may provide insights into the learning process in mammals (8, 11, 13, 20, 37) . Humans learn to prefer the flavor of carbohydrate-rich drinks based on the post-oral actions of glucose (7, 9, 41) but the ability of fructose to support flavor conditioning in humans has not been investigated. Thus, speculations that fructose is more rewarding than glucose to humans may be premature (18, 23) .
